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S~SUMMARY

INTRODUCTION

The use of chemical additives in lubricating oils to increase their
•f •effectiveness under extreme operating conditions is widely recognized. These

additives are generally referred to as antivear additives. Such additives
L usually consist of organo-oulfur, -chlorine or -phosphorus €cmpounds or mixturen

thereof although they are not limited to these chemical families. When added
to the lubricating oil in quantities of one to two percent, catastrophic wear of
mechanical components will be prevented under extreme operating conditions.
The mechanism established for this beneficial action involves the controlled
decrmposition of the additive as a result of elevated temperatures caused byI localized metal-to-metal contact at surface q4serittee. The additive reacts
chemically with the freshly worn surface to form films of sulfides, chlorides
or phosphate complexes which exhibit low shear strength*, thus making it
possible for one surface to move over the other with least resistance.

For conventional petroleum base oils which are limited to lower temperature

applications (2750 to 300 F) the thermal stability of the antivear additive
usually coincides with the thermal stability of the base oil. In recent years
a number of synthetic fluids have been developed with temperature stabilities
well above the petroleum base oils (5000 to 600So). One such class of materials
is the polvuiloxanes or more coonly called silicone fluids. It was found
tat the camuonly used antivear additives for petroleum base oils were completely
ineffective in the silicone oils. Under a previous NAVAIRDEVCEN (Naval Air
Deve.opnent Center) Independent Research Program the first suitable antiwear
additive based on thiadiazole chemistry was developed and patented for imparting
effective lubricating properties to silicon*e fluids. However, the upper tamp-
erature stability of this additive was limited to 250° to 275 0 F, Well below the
useful temperature range of silicone fluids. Consequently there exists a need
to broaden the range of chemical additives suitable for use in silicone floids
and also to take advantage of the higher temperature capabilities so that new
military weapons systems can be designed for optimum performance and reliability.

The vnrk reported herein was conducted under Independent Research Task
Area No. ZRO1302, Work Unit No. GC131.

RESULTS

1. A polysiloxane formulation containing 2 weight percent dibutylchloren-

j date and 0.25 weight percent 2,5-bis-t-dodecyl dithio-1,3,4 thiadiasole in
tetrachlorophenylmethyl viloxanc fluid has been discovered wbich possesses a:t.iwear
praperties previously unattainable with polysiloxane fluids. In fact the
boundary lubricating properties of this formulation are comparable to those
of formulated petroleum oils, synthetic hydrocarbons, diesters and phosphate
ester fluids. A patent application covering this unique discovery has been
filed.

2. An investigation of the friction 9,irface (steel-on-steel) modification
effects of organo-phosphates in polysiloxane media has refuted the belief that
such additives are essentially excluded from the surface at low concentrations.
it has been shown that these additives in most cases have an antagonistic effect
i.e. increase wear rates at low concentrations.

' ' ' ' , , e e m e e e i m l• • •=W"1
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3. The us* of orgeno-poosphates as antivnar agents in polystLozane fluids
h 2. previously proved unftuituil. As a result of this study a pulictle ope
catfonmu herton cortaining 4 to 5 irlet ptpreat of an alkyt-phoephate In tetat-

I chstiorophnrylethyt ele loae eo ibited itp.vand eutedto properties dvaer high
load conditones.

Sco4COMU S tONS "

;" •:1. Polystlozer-a fluids pos~sessin antiveer qualities comparable to

onveitdohal lubricating ef dia can be achiteved through the usd of chemicat
i addition agents in wtner concentrations.

2e, Haeig evereome the disrdvatate of poor boundarn lubricattin properties
easeeeatfd with mechanisb these fluidd vay now be considered for aprli-
cationds fhre their mome deofrable properties ouch of high temperature stability,
oxidation resistance. low volatility, aet. can be used to g|reater advantage.

FtUTURE WORK

Although the use of selected chemical addition agsent in poLyeiloxame
fluids has proved beneficial in eliciting a pronounced boundary lubricating
effect, the exact nature of their action in still unknown. A better under-
standing if the mechanism by which the** additives function will provide
guidelines for the development of a now Woenration of military aircraft lubri-

cants and fluids. Having established basic property relationships, effort
will continue toward.

I. Identifying the chemical nature of surface reaction products resulting

from antivear activity.

2. Determining plausible methaniems based on chemical reactivity.

3. Establishing molecular composition and structure for optimum antivear
functionality.

4. Synthesizing chemical addition aRents based on the above findings,

5. Establishing performance characteristics at elevated temperatures and

toads on selected polysiloxane formulations.

2
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1 IA C KG ROU N D

SURFACE CONS IDERATIONiS

A schematic repre•entation of typical friction surfaces in ehon in
Figure 1. Under hydrodynamic conditions of lubrication, the two surfaces are
separated by a thin oil film and ideally no wear occurs. However, with in-
creased load the thickness of the oil film disinishes to the point where

-• surface contact occurs. This regime is generally "*farred to as boundary
luhrication conditions. As depicted in Figure 1, the topography of such
surfaces essentially consists of a series of "hills" and "valleys"(saperitiem) "tch

exist even for highly polished surfaces. When surface contact is made at
the asperities, adhesive interactions result in increased generation of heat
end the formation of wear particles. Because the points of contact are micro-
acnpic in nature, the total load is carried by only a very small fractiot of the
actual surface are&. All of these conditions ccmbine to produce wear in
mechanical components.

An effective means of preventing or slieviating Lhis condition involves
the addition of chemical species to the oil in minor concentrations (usually
less than 2 percent). The temperature generated at asperity contacts can
exceed 20000P although for only a fraction of a second, The additive reacts
with this "hot spot" to formi a new chemical compound on the surface which has
a l war shear strength than the base metal and thus the surfaces move relative
to one another with lower resistance. At bulk fluid temperatures (less than
300o0 F) the additive is stable enough to resist decomposition.

The general classes of additives used for this purposo are sulfur,
chlorine or phosphorus containing organic compounds while the resultant
a,:rface reaction products have been identified as inorKos.lc metal sulfides,
chlorides, phosphate or phosphate complexes.

SILICONE CHLrNISTRY AND PROPERTIES

The preparation of polysiloxanes can be represented by the following
series of reactions:

,W-)+2r - Si + 2C0 (1)

RCI ÷C! - R1SiCl y (2)

x - 1, 2 or 3
y - 1, 2 or 3
x + y - 4

RSiCly + H2 0 R1 Si(OH)y + yHCl (3)

n+2 IESi(OH)yj condensation R3 SiO(RxSiO)nfiR3 + n+lH 2 0 (4)

pol ysiloxene

Essentially silicone polymers contain repeating Si-O linkages making their
"backbone" completely inorganic while various organic substituents ar,' attached
to the St atomm. Some of the more conwson forms of polybiloxene polyrers are
presented in Figure 2.



NADC-76226- 30

In general the properties of polytiloxane fluids which are substantially
different from conventional lubricating media and which effect their lubri-
cating ab, 'ty include:

1. Free rotatito of the structural units relative to the siloxzarn bonds
together with low inter-molecular interaction make formation of compact
oriented structures between two surfaces under load difficult (39).

2. Siloxane bonds are partially ionic in nature and therefore highly
reactive in heterolytic type reactions. Antiwear additives function through
homnlytic (free radical) type reactions which do not readily occur in hater-
olytic aystes (39).

3. With the exception of phenylmethyl silicones the conventional antivear

additives are only slightly soluble in silicone fluids.

"STATE -OF-THF.-ART" REVIEW

The literature abounds with information concerning the use of antiwear
additives and the nature of action in conventional (hydrocarbon) lubricating
fluids. On the contrary, the scarcity of this type of Information relevant
to polysiloxone fluids is conspicuous.

Conventional Lubricating Nedia

The first use of antivear additives occurred in the mid-1920's in order
to permit operation of hypoid gears, These first compounds, many of which are
still employed today, contained sulfur, chlorine or phosphorous atoms in their
molecular structures. Since that time the application of antiwear additives
has spread to many other mechanical components. They were believed to function
by forming a film of low shear strength such as a sulfide, chloride or phosphide
as discussed previously. By repeated shear breakdown and reformationthe film
prevented seizure of metal surfaces. A large number of investigations scened
to support this belief (1-11).

In 1940 Beeck, Givens and Williams (5) postulated that the effectiveness
of phosphorous containing additives such as tricresyl phosphate was due to
the formation of an iro-iron phosphide eutectic of low melting point at the
asperities which chemically "polished" the surface. In 1954 Klaus and Fenske
(12) found that the low wear was not accompanied by any gross smoothing or
"polishing" of bearing surfaces. This as also confirmed by Furey (13) in
1963. In 1965 three papers appeared which refuted the iron-iron phosPhide
eutectic formatton theory. Barcroft and Daniel (14) using radioactive triphanyl
phosphate showed that this additive formed films of metal phosphates and metal
organo phosphates. It was suggested that the neutral phosphate ester adsorbs
on the metal surface, then decomposes in the contact area to give the acid
phosphate which reacts with the metal surface to form metal organic phosphate.
This then dcomposes to form the metal phosphate. Godfrey (15) identified iron
phosphates on s*.!ding surfaces lubricated with tricresyl phosphate. No evidence
of iron phosphide could be found in either of the above studies. Klaus and
bieber (16) using radioactive tricresyl phosphate identified iron phosphates on
bearing surfaces and attributed their formation to polar impurities in tricresyl
phosphate. In 1968 Bieber. Klaus and Tewksbury (17) using tricresyl phosphate

• I I l 'l I I I IF i I



NkDC-76226-30

shoved that the antivear behavior in a formulated lubricant appeared to be due
to the acid phosphate and not the tricresyl phosphate. The tricresyl phosphate
acted as s. reservoir for the formation of acid phosphate during the life of the
lubricant. In 1970 Goldblatt and Appeldoorn (18) shoved evidence contrary to
Sieber, Klaus and Tewksbury (17) that tricresyl phosphate and other phosphate
and phosphite esters set as antivear agents by directly reacting with metal
surfaces. No prior hydrolysis to the acid phosphate appeared to be required.
This was also confirned in 1970 by Sakuari and Sato (19). From x-ray analysis
they confirmed the presence of iron phosphates and a small amount of iron
phosphide. They concluded from their results that the iron-iron phosphide

eutectic scarcely contributed to the lubrication mechanisnm. In 1974 Forbes
and Battersby (20) reported on the use of dialkyl phosphites as antivear
additives. They found that the phosphites were better antivear agents than
the corr-sponding phosphates and attributed the formation of both organo and
inorgano phosphites to hydrolysis occurring in solution and at the surface.

Tn regard to sulfur containing antivear additives, the initial theories
assumed that the film formed on metal surfaces was the metallic sulfide. In-
deed several papers (21-24) have indicated that with steel or iron surfaces,
the iron sulfide is formed and it is this compound that is providing reduced
wear. Godfrey (25) in 1962 analyzed, by six meLhods, the films formed on steel
surfaces from mineral oil saturated with eleme'tal sulfur. The major component
found was Fe304 with minor constituents of FeS and FeG. The sulfides were
believed to promote the oxidation of iron, but the combination of both oxide
ad sulfide in the films were necessary for high load capac'ty. Still others
have found no evidence of the formation of iron sulfide. Bucklev (26) in
1974 using Auger Spectroscopy found that sulfide films on iron surfaces are
displaced by oxygen. In 1976 Baldwin (27) using x-ray photoelectron spectro-
scopy identified netallic sulfide compounds on surfaces which provided
effective boundary lubrication.

With regard to chlorine containing additives, again the obvious post-
ulations were that a metallic chloride was formed on the bearing surface,
Analyses of iron containing bearing surfaces have shown that FeCd 3 and FeC1 2

are present as well as the unexpected oxychlorides (28).

Polvailoxane Lubricating Media

As previously indicated the types and magnitudes of studies performed
en conventional lubricating fluids far exceed those which have been performed
on polysiloxane fluids. The coo ercial availability of silicone fluids
occurred only about 30 years ago. This and the lack of solubility of con-

reasons for the limited availability of technical information in the area of

additive interactions.

It was evident from the early work of Zisman (29) in 1946 and Currie (30)
in 1950 that the application of silicones as lubricants would be limited be-
cause of their poor lubricating qualities for the most common bearing - metal
combination; namely, steel-on-steel. Because of the many desirable properties
of silicone fluids, efforts were then directed toward overcoming this drawback.
Althouwh these efforts were hampered by the poor solubility of most materials
in silicones.Murray and Johnson (31) in 1952 found that incorporating 30 percent
of a diester improved the lubricating properties but such a bland offered only

9
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a compronise of the propirties of the two fluid types. In the early to
mid 1950's Fletcher, Hunter (32) end Brwn (33) improved the lubricating
properties of silicones by an alternate route. They inoorporated a active
antivear element from the halogen family into the polymer chain. The
halophenyl group offered improved lubricity for ferrous metals whtle retainin&
the inherent stability of the siloxane polymer. Another chemical modification
was based on the substitution of dimethyl groups with trifluoropropyl *ethyl
groups. Schiefer awd Van Dyke (34) in 1963 reported on the improved boundary
lubricating propeeties of thete fluoroalkyl silicones in bench and p tests,
Also, introduction of alkyl groups in the silicone polymer was found to have a
beneficial effect on the lubricating properties, however the improvement obtained
was at the expense of the inherent stability of the siloxane chain (35). In
1968 the approach toward providing enhanced lubricating properties for stlozane
fluids reverted to chemical addition agents. Dovine and Lamwon (36) were issued
a patenL based on the improvement obtained using polysulfides and thiadiasoles
in silaxane fluids. In 1973 Groenhaf and Swihart (37) were issued a patent on
the use of chtorendates so lubricity additives for silicone fluids, In 1974
Groenhof and Quaal (3U) reported on the fact that the use of conventional anti-
wear additives were effective in phenylmethyl siloxane fluids although at higher
concentrations than normally used. In 1965 Vinogradov, Nametkin and Hlossov (39)
reported on the fact that additives which were highly active in preventing
steel seizurn in hydrocarbon media are either completely inactive in poly-
siloxones (methylphenyl siloxanes) or are much less active (ethyl stloxanes).
Their hypothesis attributes this to the absence of processes involving chain
reactions initiated by free radicals in polysiloxanes.

The work described above covering siloxane fluids was aimed mostly at improving
lubricating performance in contrast to work reported with conventional fluids
where the major emphasis has been on determining what chemical species is
formed on the surface and by what mochanism it is formed. In general, all of
the improvements still fell short of the beneficial lubricating properties
exhibited by compounded petroleum or hydrocarbon lubricants.

EXPERIMENTAL

The Shell four-ball wear test apparatis was employed throughout this
investigation. The apparatus has been adequately described elsewhere in the
literature (40-41). Briefly described this test utilizes three balls locked
iminvehy by a conical ring thereby forming a three point contact for a fourth
ball held rigidly at the end of a drive shaft. The fourth ball rotates, under
load, against the three stationary balls, all of which are immersed in the
lubricant under test. Ideally, circular wear scars are produced on the surface
of the three stationary balls and the degree of wear is expressed as the average
diameter of these scars. The smaller the wear scar, the better the lubricating
characteristics of the fluid under test. Test conditions which remained constant
thrnughout this investigation are as follows:

a. Metal Specimens: AISI 52100 steel balls
b. Test Time: I hour
c. Speed: 1200 RPM

Load ranges studied included 10, 20 &nd 40 kg. All of the curves presented
show data generated at 1670 F. Some data presented in tabular from was generated

10
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at 350aF. The wear cear diameters reported are in millimeter units and where
critical points were established are the average of several separate datae'Inations.

All of the polysiloeane fluids and chemical additives were obtained from
coemrcial sourcea. The dichlorophenylaethyl fluid is no longer coupercially
available. All materials were used ams received.

RESULTS

ANTI'JtAR ADDITIVES FOR TETRACLOROPM{KNYLNETMYL SELOXAIE IrLUID

A literature search in the area of antivear additives for siloxane fluids
in general indicated the neei to establish fundamental performance character-
istics in regard to antivear properties. Our initial efforts in this phase of
the investigation led to the dircovery of a tetrachlorophanylsethyl siloxane

Slubricant composition (42) which possessed antivear qualities previously
unattainable with silicone fluids, Table I lists the four-ball wear test
results obtained for various siloxane/additive formulations. The chemical
structures of the additives employed are given below:

N - N

t - C1 2 H2 5 - S - S - C -S - S - t - C12 H2 5

2,5-bis-t-dodecyl dithio-l,3,4 thiadiazole

Cl 0

C- C - C - CH - C -0 -n C4 H9

Clo-c-cl

Cl C C - C - C - O- n C 4 9 H

Cl

dibutylchlorendate

Each additive was investigated individually and in combination at several
concentration levels. Both the thiadiazole and the chlorendate are observed
to improve the antivear properties of the base silicone fluid at relatively
low concentrations (formulation Non. 2 and 6, respectively) It was of interest
to determine whether a further improvement in antiwear properties could be
observed with a combination of additives (synergistic effect). A r-markably
low wear scar dimeter was obtained with 2.0 veight percent chlorendate and
0.25 weight percent thiadiasole in the silicone base fluid (formulation No.
11). The antiwear properties of this formulation are comparable with those
of petroleum fluids, synthetic hydrocarbon and phosphate ester fluids under
the save test conditions, as shown in Table II. In addition the antiwear
properties of formulation 11 are maintained even at temperatures As high as
350"F (Table 711).

Il
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1,tee result@ are Mpeiftic for the tetrachloopeonylmvthyl silowxwe
fluAd. Other etlowene flutOs such as dimethyl and phenylmethyl do not respond
to the chlorendatePthieditaole additive package in a like manner. A dichloro-
phoeyýmethyl stlozmae exhibits improves ntilear prolerties (0,0 -m weer cear
dismter) but at a onncentration of 10 weight percent chloreadete end I weight
* . = thie4iosole.

GC;d.-PMOSPHtATS AS ANiTI2WAR ADDITIVIS IN POLYSIWXAO• FLUIDS

The action of orgono- pboetoo such s tricrteyl phosphate in conventioal
'.,jricattng media is wall established. Therefore, our initial studies wera

concerned with establishing basic performwvee criteria of this type of anti-
.,ear agent in po!ysiloxana fluids. For this ureoea four differset phosphate
.. poreundd were selected, i.e. trioctyl whiophate (TOP), tributyl phoeehate
(TIP), tri-ortho-todyl phosphate (TOTP) and tricrasyl phosphate (TCP). TOTp
is a specific it.•maric form of TCP. Commercial TCP is a smiiture of the ortho,
"mte and par :jomere of tricresyl phosphate. Also, three different classes
of polysilozone fluids; i.e., the dimethyl, the obTyloethyl and the chloro-
pheoylmethyt fluid& wore used as beat stocks.

PLsethyl Siloaoe

The results obtained on the four-ball veer analysis of the various phos-
phates in dimathyl stloxmne fluid are graphically presented in Figures 3
through !.l. The basic data generated can bA found in Figures 3, 4 and 9.
Figures 5 through b show the effect of load on wear and Figures 10 and I1
show the affect of viscosity on wear for the various phosphate compounds.

1. 50 ca Fluid at 20 ER Load (Figure 3)

From the outset the addition of organo-phosphates exhibit a deleterious
effect on the boundary lubricating properties of the base fluid. This is in
contrast to the antiwear characteristics produced with these additives in hydro-
carbon fluids. In this context the organo-phosphates can be considereS to act
as "pro-wear" additives as opposed to antivear additives. In each instance a
concentration is reached where a maximam wear scar is produced. On continued
.'nre*ae of additive concentration the wear scar decreases twoard the isherent
boundary lubricating properties of the particular organo-phosphate. Table IV
quantifies major characteristic veer sczr data points based on molal (moles of
additive. per 1000 grows of siloxane) quantities of phosphate additive. Three
data points were selected to characterize each phosphate compound with respect
to motal concentration which will result in:

s. the msximum wear scar,
b. the wear scar equal to that of the 100 porcent siloxone, and
c. the veer scar equal to that produced with 100 percent additive,

The order of increasing motel concentration of additive exhibiting

a. a maximum war scar is TCP . TOP _ TOTP -, TIP,
b. wear scar equal to that for 100% siloxane is TOPTOTP-TCP - TOP, and
c. wear scar equal to that for lOMT additive is TOTPC TCP< TOP-, TOP.

12
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The most striking difference occurs at the point where the concentratior of
additive is such that the quantity of silicone present has no effect on the
Inherent a•tivear properties of the particular additive. For TCP and TOTP
this occurs at a idlatively low concentration (2.7 and 1.8 molal, respectively)
while with the TOP and TBP it occurs at a such greater concentration (6.9 and

>" 11.3 molal. respectively).

2. 50 cp Fluid at 40 KA Load (Figure 4)

At this hgi~er load only the TOTP and to a lesser extent TCP effect
an increase in wear scar at the initial lower concentrations. TOP and TBP
exhibit a slight antivear effect which eventually Is destroyed on increased
addition of additive to the -oint where a maximm wear scar is again produced.
After each maximum wear scar the wear scar decreases toward that produced with
pure additive. Table V auantifiap tne characteristic points on the curves.
The order of increasing moll concentration of additive exhibiting:

a. a maximum wear scar is TCPwTOTP. TOP , TBP,
b. wear scar equal to 100% siloxane is TCP " TOTP , TOP - TBP, and
c. wear scar equal to 1007. additive is TCP-TOTP- TOP <- TBP.

Again the most striking difference occurs at the point where the quantity of
silicone pzesent has no effect on the inherent antiwear properties of the
particular additive. TCP and TOTP exhibit this property at 2.7 molal con-
centration while TOP is N 6.9 nolal and TBP 11.3 molil.

3. locs Fluid at 20 Kg Load (Figure 9)

The activity of TBP and TCP in 10 ce dimethytl siloxana at 20 Kg load
is shown in Figure 9. The veer scar produced with TBP remains relatively
constant to about 50 weight percent TBP after which it gradually decreases
towards that of the pure phosphate compound. TCP exhibits a marked increase
in wear scar diameter up to 5 weight percent, remains relatively constant to
60 weight percent then rapidly decreases toward that of the pure material at
a 75 weight percent concentration.

Figure 10 compares ttie four ball wear results obtained with TBP in
both 50cm and 10ci fluid. Essentially the curves are similar indicating no
effect of viscosity on the wear scor diameters in the 50ca to 10ci range.
On the contrary TCP (Figure 11) shows a marked differesce in activity between
the iCce and 50cm dimethyl uiloxane fluids.

4. 10ci Fluid at 40 Kx Load

Data points at this load level could not be obtained with the lOcs
base fluid. Excessive wear resulting in severe mechanical vibration of the
test apparatus prohibited a meaningful evaluation.

Phenyloothyl Stlexane

1. At 20 Kg Load (Figure 12)

The inherent lubricity of this fluid is so poor that wear scar
ditmete-s above 3.0w are produced with no additive present. The addition of
TIP, TOTP or TCP decreases the wear scar, TSP more rapidly than TOTP or TCP.

13
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2. At 0 ft Loll (Figure 13)

At this lower load T&P reduce. the wear scar dienter at a such
lower concentration. The ime ts trua for TCP but the effect is not as
prrxounced as with rTp.

ChlorOh"y1tnh Sitoieh

1. Dithlorophrtpylaethyl Silone at 20 EX o4ad (Figure 16)

The addition of TSP or TCP to this base fluid resulted in aA increased
vear scar dimeter throughout most of the concentration raft; with no sharp
decrease In wear scar diameter at a specific concentration. The asaiusm wear
scar dieamter covered a broad range of concentrations for TVP (20 weight percent
to 50 weight percent) while it we@ more specific for TCP (20 weight percent).

2. Dichlorophenyloethyl Siluxuzne at 40 Ua Load (Figure 17)

With TIP or TOT? at low co-Lceutrations (less than 20 weight pereeat)
the wear scar increases rapidly to a maximum end then sharply decreases in
the 20 to 40 weight percent range toward that obtained with the phosphate
material alone.

3. Tetrtchlorot•heyluethil Siloxane at 20 YA Load (Figure 18)

The addition of TSP or TOT? increased the wear scar dieter at the
low concentration range (loss than 10 weight per•cent) with no sharp decrease
from the saxisue wear scar dimeter with increasing concentration of phosphate
edd.tive.

4. TotrechlorophonylmethyZ Siloxasn at 40 Mu Load (Figure 19)

In this base fluid the action of TOTP was rather unusual in that
at concentration ranges of froe 5 to 30 percent an irreproducible wear scar
was observed. Thus in Figure 19 this portion of the graph iL represented by
s bend depicting the range of vwar scar diaeters produced at a given con-
centration. As can be seen the mount of scatter is much greater than the
repeetabiLity generally observed for this wear test. With TBP a sharp
decrease in wear scar diaeter resulted followed by a gradual increaae up
to a concentration of 40 percent to a wear scar dimeter which was main-
tained unt,! a concentration of 80 percent additive was reached followed by
decreasing wear scar diameters.

D I S CU SS 1 O

A comparison of the inherent boundary lubricating properties of the
various polysiloxanes under consideration is shown in Table VI. The ability
of each class to modify friction surfaces (stael-on-*tesl) is shown to vary
considerably. All are poor or at best second-rate luhricating media coa-
pared to hydrocarbon lubricants. Vinogradov at at (39) have attributed
these differences to the theroo-oxidative stability of the silosane, with
the IubrI.city lessening in the direction of the more thermally stable polymers.

14
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The inadequacies of silanae fluids for lubricating ferrous attali is considered

to be due to the fact tket th. mature of the film formed on the bearing surface
is such that it it rot sefficiently condensed to provide load-carrying ability.
In additio, the low bulk ewoulus (high compressibility) adversely affects
the hylroftsame euemp 'st of lubricity.

Tlh*, initial ph&" of this investigation has centered on the effect oforRono-phosphates on the antivear properties of polystloxane medta. in

general with dimethyl siloeone the initial trend on the addition of phosphate
editive is to iereat:e waer sear else. If the phosphate additive does not
got to the metal surface or is displaced by the silowuae as mea authors (38)
have proposed, the weer scar dtimeter produced should be the 2ame as the
ailoxane with no additive present. As can be seen from Figures 3 and 4, this
is clearly "ot the ctas. At low concentrations the phosphate additive is
indeed altering the veer surface although in an antagonistic manner. With
TOP a•zd TiP at 40 Kg load there is a slight decrease in dear scar dieterat the outset but on increased additive concentration the wear scar rapidly
becomes greater. What is evidenced on each curve is the fact that a
synergistic effect in reverse is obtained. That is, concentrations are
reached where the wear scar produced is greater than the wear scar diameter&
exhibited by either component individually. The combined reactivity of the
siloxane and the phosphate with the ferrous surface under high loads and
elevated "hot spot" temperatures produces a film which results in a wear rate
higher than that exhibited by the individual components. Siloxanes are knoun
to decompose, one the products being St0 2 (Silica) which could react vith iron
oxide on the ferrous surface to form iron silicate. This, in conjunction
with the iron phosphate or orgeno-iron piiospbate film that ts formed, may
lead to the observed antagonistic behavior.

After a maximum wear scar is reached the wear scar of fluids with
higher phosphate concentration diminishes toward that obtained with the
particular phosphate alone. This occurs much more rapidly with the aryl
phosphates than with the alkyl phosphates. The cause for this effect
is not understood at this time.

The inherent boundary lubricating properties of the phenylsmathvl siloxane
is the poorest of the siloxanes studied. The severe wear condition that
exists is not further aNgravated on the addition of orfsaw- phosphate. The
same kint of surface reactions occurring in the dimethyl siloxane may also
be found with the phenylmethyl siloxane but their characteristics arc
"masked" by the unusually high wear rate inherent with this base fluid. The
alkyl phosphete (TBP) does provide triction surface modification at much lover
concentrations that with the aryl phosphates ('P, TOTP) as shown in Table
VII. Since the phenyl-ethyl siloxane is more thermally stable, the formation
of Si0 2 on the surface as previously proposed for the dimaethyl siloxane will
be more difficult thus allowing more complete foraation of the phosphate film
from T3P. It appears that the forration of such a film with TCP or TOTP is
more difficult than with TBP inphenylmethyl siloxane fluids. However, with
alkyl and aryl phosphates the antiwear properties for these formulations
are extremely poor-

The addition of chlorine atoms to the phenyl groups in phenylmethyl
siloxanes is shmm to have a pronounced beneficial effect on the boundary
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lubricattin propertite of&"ie wesultiet chloropbmkylmsthyl s ile.ase This
effect is censidered toie doe to the formation of an iron chloride ftlm on
the friction surface. Two types of chloropheaylmsthyl siloene, one containing

n average of two chl/rtU atem pr pbamyl group, the otber aon•ituintg o
average of four chl Iinee atoms were studied. Again iL wasn shon that Lbe
org•a-phospbate eXitiom asent is reaching the surface at 'ow concentratioas
as evidenced by "kte drwtemic obge in wear scar diameter. In most caues
antagonititc off•e to oberved, T'he excepion• occurred vith TS? vWI TOT?

in tetrachlorojth~aylvmthyl silozwee at 40 Kg to"a. A significant decrease
In wwar scar Atemeter oeccrred in the 4 to 6 weight pereat ramne ustag tP 4+
which wes not found in the dichloro fluid. The addition of TOT? also lowered
the veer soar dimeter but not to the same extent as TI?. In addition at
Otven concentrations of TOT? in the S to 3V weight percent range repeatable
wear scfi dtimeters could not be produced. The reamon for this effect is
currtnyly under study.

in order to further study the improved antivear properties observed
vip TPother elkyl phosphates were investigated in both the dichloro end

htrachloro base fluids. Table VIII shows that with TOP aed TRP (tristh~l
'phosphate) steelier results to TIP are obtained in both banse fluids thus

/ lending support to the fact that the results obtained are indeed representative
of the difference between alkyl and aryl phosphates. These apparent differences
have not been readily explained. An obvious difference is the chlorine content
of the base fluids which my play an important role in the nechanim of
addttive action. Further analysis is required to account for the observed
effects.

To date our analysis has demonstrated that polysiloxane lubricant
compositions with vastly improved boundary lubricating properties are
attainable. The specific mechanimas accountable for boundary lubricating
action in polysiloxene media reain unknown. As noted in this discussion,
hypotheses have been presented consistent with the experimental data to
account for the observed eftects. What is now required is a detailed
analysis of the surface chemistry end reactivity of the friction sutface
&s outlined in the "future work" statement tn the eumemry section of this
report, so that evidence may be obtained to support or dismiss current
theoretical conctpts. Toward this and the program is continuinS.
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Figure 2. Chemical Structure of Some Poiysiloxane Polyr•e-s
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Figure 2. Chsiid.cal Structure of So=e Polysiloxane Polymers (Continued)
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Figure 15. Four-Ball Weer Test Results on Pherwylmethyl S11o.Mare
Fluid with TCP at 10 and 20 Kg Load
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Figure 16. Four-Ball Wear Test Results on Dlchlorophenylmathyl

Siloxane Fluid with TSP and TCP at 20 Kg LIIa
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Figure 17. Four-Sall Wear Test Results on Dichlorophenyimethyl
Siloxane Fluid with TBP and TOTP at 40 Kq Load
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Figure 19. Four-Ball Wear Test Results on Tetrechlorophenyllmthyl
Siloxane Fluid with TOP and TOTP at O lg Load
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Figure 20. Four-Ball Wear Test Results on Dichlorophenylmethyl and

Tetrachlorophenylmethyl SilIoxane Fluids with TBP at 20 K9
Load
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Figure 21. Four-Ball Wear Test Results on Dichlorophenylmethyl and

Tetrachlorophenylmethyl Si1oxnoe Fluids with TOP at 4O Kg
Load d
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Figure 22. Four-Ball Wear Test Results on Tetrachlorophenylmethyl

Siloxane Fluid with TIP at 20 and 40 Kg Load
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Figure 23. Four-Ball Wear Test Results on Tetrachlorophenylmsthyl

Siloxmne Fluid with TOTP at 20 and 40O Kg Load



TABLE I. FOUR-BALL WEAR TEST RESULTS ON TETWACNLOROPHENYLKETHYL
SILOXANE FORMULATIONS AT 167 0 F, 4O Kg LOAD

Wear Scar
Formulation Chlorendate Thiadlazole Diameter
No. (wt. %) .wt. %) (M)

I 0 0 1.30

2 0 0.25 0.82

3 0 0.50 0.83

S0 1'0 0.97

5 1.0 0 0.93
L

S6 2.0 0 0.77

7 3.0 0 0.80
8 4.0 0 0.79

9 5.0 0 0.95

10 1.0 0.25 0.72

I1 2.0 G.25 0.62

12 3.0 0.25 0.69

13 5.0 0.25 0.79

4 2.0 0.40 0.74

15 5.0 0.50 0.80

16 5.0 1.00 0.81

17 2.0 0.10 0.67
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TABLE II. FOUR-BALL WEAR TEST RESULTS ON COMPARISON FLUIDS AT 167°F, 40 Kg
LOAD

Wear Scar
Des.i.gnat ion Base Fluid Diameter (rrm)

Frrmulation 11 Silicon* 0,62

riIL-H-5606 Petroleum 065

MIL-H-83282 Synthetic Hydrocarbon 055

MIL-H-19457 Phosphate Ester 0.54

I
I
I

'5



TABLE III. FOUR-SALL WEAR TEST RESULTS ON TETRACHLORCPHENYLMETHYL SILOXANE
FORHULATIONS AT TWO TEMPERATURES (40 Kg LOAD)

I
Wear Scar Diameter (ram)

Formulation No. 167F 050°F

15300

3 0.83 0.95

6 0.77 1.39

0.62 0.68

' Indicates that the test could not be completed
because of excessive wear.
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TABLE IV, COMPARISON OF ANTIWEAR PROPERTIES OF VARIOUS PHOSPHATE ADDITIVES

IN DIMETHYL SILOXANE (50 cs) AT 20 Kg LOAD
V

SMoles of Additive, per 1000 g SiloxaneTo Reduce To Reduce

Wear Scar to Wear Scar to
At Maxiinuum Same as 100% Same as 100•

Phosphate Wear Scar Siloxane Additive

TOP 0.58 (1.08) 0.99 (0.77) 6.9 (0.31)

TBP 2.0-3.8 (1.10) 8.8 (0.77) :i .3 (0,43)

TOTOP 0.91 (0.87) 1.2 (0.77) 1.8 (0.48)

1CP 0.30 (0.96) 1.2 (0.77) 2.7 (0.47)

Note: Numbers in parenthesis refer to the
wear scar diameter in millimeters at
the given concentration.
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PADC-76226-30

TABLE V. COMPARISON OF ANTIWEAR PROPERTIES OF VARIOUS PHOSPHATE ADDITIVES
IN DIMETHYL SILOXANE (50 cs) AT 40 Kg LOAD

Moles of Additive,per 1000 g Siloxane

To Reduce Wear To Reduce Wear
At Maximum Scar to Same Scar to Saome

Phosphate Wear Scar as .0% stiaelm as 100% Mdirt i

TOP 1.5 (0 .41) 1.8 (I.90) 6.9 (0.51)

TBP 2.5 (2.37) 3.0 (1.90) > 11.3 (0.69)

TOTP 0,68 (2.59) 1.3 (0.90) 2.7 (0.58)

TCP 0.68 (2.09) 0.81 (1.90) 2.7 (0.58)

Note: Numbers in parenthesis refer to
wear scar diameter in mnllimeters
at the given concentration.
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TABLE VI. FOUR-BALL WEAR TEST RESULTS ON POLYSILOXANE BASE FLUIDS AT 167 0 F

r Visconity
at 77 F Wear Scar ,rrn)

Polysiloxane (cs) IO Kg 20Kg 40 Kg

SDimethyl 100 0.45 0.65 1.75

Dimethyl 50 0.45 0.77 1.90

Dimethyl 10 0.68 1.02

Phenylmethyl 75 2.58 3.12

Oichlorophenylmethvl 75 - 0.51 1.35

Tetrachlorophenylmethyl 75 0.44 1.41

* Indicates test could not be
completed because of excessive
wear.



XADC-76226-30

TABLE VII. COMPARISON OF ANTIWEAR PROPERTIES OF VARIOUS PHOSPHATE ADDITIVES
IN PHENYLMETHYL SILOXANE FLUID

Load Moles to Additive per 1000 9 Siloxane at
Phosphate Kg sharp "breek point" in wear curve

TBP 10 0.20 (2.52)

20 No sharp break point.

TCP 10 1.16 (2.31)

20 1.81 (2.81)

Note: Numbers in parenthesis refer
to the wear scar diameter at
the given concentration in
mill imeters.
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TABLE VIII. COMPARISON OF ANTIWEAR PROPERlES OF VARIOUS PHOSPHATE ADDITIVES

IN CHLOROPHENYLMETHYL SILOXANE FLUIDS AT 40 Kg LOAD

Wear Scar Oiarreter (rn)

Phosphate wt.% dichloro tetrachloro

None 1.35 1.41

TBP 5 1.46 0.86

TOP 5 1.67 0.77

TEP* 10 1.62 0.81

•,Triethyl phosphate

51


